Falls occur increasingly frequently as people age, with more than a third of adults aged 65 and older experiencing a fall each year. 1, 2 Many experience physical and emotional injuries as a result, 1,2 with falls being the leading cause of injury-related hospitalization and death in the older population. 3 A number of visual function measures have been identified as contributing to falls, 4 which is important given the increasing loss of visual function with age. 5 In particular, ageing is associated with an increased prevalence of visual field loss, primarily due to glaucoma. 6, 7 Several large population studies have found significant associations between visual field loss and poor mobility 8 or falls. 7, 9, 10 Individuals with glaucoma report difficulties with mobility, 11 demonstrate reduced mobility performance, 12 and are more likely to experience a fall 1, 13 or a hip fracture 14 than those without glaucoma.
There is also evidence that the use of nonmiotic topical glaucoma medications (predominantly beta-blockers) can increase the risk of falling in this population. 2, 15 However, the underlying factors that lead to falls among older adults with glaucomatous visual field loss are not fully understood.
Reduced postural control is an important factor in terms of falls assessment as it has been identified as an important risk factor for falling. 16, 17 The visual system plays an important role in postural control, together with the vestibular and somatosensory systems. 18 It has been well documented that postural control among individuals with normal vision is impaired in the presence of simulations of visual impairment, including refractive blur, [19] [20] [21] cataract blur, 20 and visual field restriction. 21, 22 Studies have also demonstrated reduced postural stability in individuals with true visual impairment including age-related macular degeneration, 23 and cataracts, with improvements in postural stability being recorded following cataract surgery. 24 Of direct relevance to the research reported here is the study of Shabana et al 25 who assessed postural stability using force platform analysis in 35
open-angle glaucoma patients and 21 age-matched controls. While no significant differences in sway measures between the two groups were found, their sample of glaucoma patients was relatively young (aged 40-66 years) which is not necessarily representative of glaucoma patients in general. It is important to fully explore the relationship between visual field loss and postural stability within an older population, given the increasing prevalence of glaucoma in those aged 60 years and older. 6 Evidence suggests that ageing is associated with an increase in the contribution of vision to postural control, which acts to compensate for the age-related deterioration in the somatosensory and vestibular systems. [26] [27] [28] However, ocular disease is accompanied by a decrease in the visual contribution to postural control. 25, 29, 30 Shabana et al 25 demonstrated
that visual field loss from glaucoma was significantly associated with a reduction in the visual contribution to postural control, by an amount that correlated with the extent of visual field loss. Similar studies have found that that the visual contribution to postural control is reduced among individuals with retinitis pigmentosa 29 and with central field loss. 30 These findings suggest that older adults with visual impairment arising from ocular disease are more likely to show signs of reduced postural stability due to declines in several balance sensory systems.
The current study aimed to examine the effect of glaucomatous visual impairment on postural sway in a community-based sample of older adults and to assess its impact on the visual contribution to postural control. This study extends previous research by assessing postural sway in an older glaucoma population, with adjustment for several possible confounding factors and incorporating a comprehensive set of vision measures. 
METHODS: Subjects

Visual Function Assessment
All participants underwent an eye examination which included ophthalmoscopy, slit-lamp biomicropscopy and fundus photography, to confirm eligibility for the study. Presenting monocular visual acuities (VA) were measured with participants' habitual refractive correction using the Bailey-Lovie high contrast letter chart at 6 metres. Visual acuity was scored as the total number of letters read correctly, converted to logMAR units. 33 Contrast sensitivity (CS) was measured monocularly with habitual refractive correction using the Pelli-Robson letter chart at 1 meter with a +0.75DS working distance correction in place, 34 and scored as the number of letters correctly identified. 35 The better of the two monocular scores were used, given that they closely predict binocular visual function. 36 Visual fields were assessed using the Humphrey Field Analyzer II (model 750, Carl Zeiss Meditec Inc., Dublin, CA). All participants had previous experience with automated perimetry, and testing was performed by an experienced optometrist (AB) to ensure reliable visual field data. Monocular 24-2 SITA-Standard threshold tests were performed, and graded using the Advanced Glaucoma Intervention Study (AGIS) visual field scoring criteria. 37 The right and left fields were merged to create a binocular visual field extending 60º horizontally (VF60), based on the more sensitive of the two visual field locations in each eye, 38 and a mean deviation score was calculated. In addition, monocular 81-point, single intensity (24dB) screening strategy tests were performed. The results were merged to create a 96-point binocular visual field extending 120º horizontally (VF120) based on the more sensitive of the two visual field locations in each eye according to the method described by Turano et al. 8 The total number of points missed was counted for the binocular VF120 visual field. Retinal nerve fibre layer (RNFL) thickness, in micrometers (μm), was measured for each eye using the Stratus OCT 3000 (software version 4.0.5, Carl Zeiss Meditec Inc, Dublin, CA). 39, 40 Well-focused, centred scans with a signal strength > 6 using the Fast RNFL Thickness 3.46 Scan protocol were included in the analyses. The thicker average RNFL thickness of the two eyes was used as a measure of binocular visual function.
Demographic and Physical Performance Assessment
Data were collected on demographic information (age and gender) and medical information (self-rated health, medical history and current medication use). The number of falls in the 12 months prior to participation in the study was determined by self-report.
Cognitive status was assessed using the standardized Mini-Mental State Examination (MMSE) to ensure inclusion eligibility. 32 Body mass index (BMI) was calculated as weight divided by the square of height. Self-reported physical activity levels were assessed using the Physical Activity Scale for the Elderly (PASE). 41, 42 This is a validated questionnaire specific to the older population, based on a range of leisure, household, and occupational activities performed seven days prior to assessment. Participants completed a six-minute walk test (6MWT), which is a sub-maximal performance-based measure of functional exercise level, incorporating the impact of co-morbidities, overall muscle strength, endurance and disability. [43] [44] [45] In this test the distance, in metres, that a participant could quickly walk along an indoor, well-lit level corridor for a period of 6 minutes was recorded.
Postural Sway Assessment
Postural sway was measured during quiet stance with a swaymeter ( Finally, separate linear regression models were used to determine the association between VSR and each of the binocular visual loss measures. Because the VSR determines the visual contribution to postural stability, these models were adjusted only for age and gender.
In addition to obtaining the squared multiple correlation coefficients (R 2 ) for the linear regression models, the squared semipartial correlations (sr 2 ) were examined because these express the unique contribution of each predictor variable to the dependent variable.
Residuals were evaluated in all models to confirm the model assumptions of normality, linearity and homoscedasticity. The impact of collinearity among explanatory factors was examined by calculation of variance inflation factors (VIF) and multi-collinearity (unacceptably high degree of correlation between the variables) was defined as a VIF value of 3 or more.
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RESULTS:
The demographic, physical performance, postural sway and visual function characteristics of the 54 participants are presented in Table 1 . The mean age was 74.4 years (sd ± 5.8).
A greater proportion of men participated in the study (n=33, 61%), although there was no significant difference in age between males and females (t( 52 )=0.41, p=0.69). In the previous 12 months, 19 subjects (35%) reported at least one fall and six subjects (11%)
reported two or more falls, with no gender differences between fallers ( 2 ; p=0.35) or multiple fallers ( 2 ; p=0.14). According to the AGIS visual field scoring criteria in the better-eye, 30 participants had no field loss, 12 mild loss and 12 moderate or worse.
There was a high correlation between AGIS visual field scores between each eye (r=0.71, p<0.001, Spearman's). Due to missing or poor OCT scans, RNFL data were only available for 48 participants. The treatment of glaucoma in all but one participant was by means of topical anti-glaucoma medications. Of these, 19 (36%) were using two or more topical preparations and 22 (42%) were using a topical beta-blocker medication.
The correlations between the demographic, physical performance and visual function measures and postural sway are summarized in Table 2 ). There were no significant differences in postural sway in all conditions between those using topical glaucoma betablocker medications and those not using these medications (p>0.05). Because two participants could not complete the sway testing with eyes closed on the foam condition unassisted, VSR data were available for 52 participants. All binocular visual loss measures were significant predictors of VSR, independent of age and gender.
The RNFL thickness measure was the strongest predictor of VSR, uniquely explaining almost 23% of its variance. 42 performance on the six-minute walk test, 44 and the number of reported falls. 12, 13 It is likely that in a frailer population, the effect of glaucomatous visual impairment on postural stability may be even greater.
These results do not support those of Shabana et al, 25 who failed to find any significant failure to find an association between visual field loss and postural sway is due to their considerably younger sample as compared to those tested in the current study. Ageing, particularly in those aged over 60, is associated with significant declines in the somatosensory and vestibular systems, [26] [27] [28] in addition to an increasing prevalence of glaucoma. 6 The findings from the current study suggest that older adults with glaucomatous visual impairment are less likely to increase their somatosensory contribution to postural stability, resulting in greater postural sway.
Our results are more consistent with previous studies which have examined the influence of peripheral visual field loss on postural sway among normally sighted individuals. The current study found that the effect of visual field loss on postural sway was considerably stronger on the foam surface, explaining almost 20% of its variance, as compared to almost 8% of the variance on the firm surface. This is consistent with findings from previous studies, 18, 20, 25, 54 as the contribution of vision to postural control increases to maintain balance in compensation for the reduced somatosensory input.
Importantly, the findings on the foam surface emphasize the significant relationship between vision and balance and further highlight the detrimental effect of glaucomatous visual impairment on postural control. There was no association between any of the vision measures and postural sway with eyes closed, which was expected given the lack of visual input during these conditions.
There was evidence in the current study to suggest that a greater degree of inferior hemifield visual field loss was associated with increased postural sway, particularly on the foam surface. This was not supported by the findings on the firm surface, possibly due to the weak visual contribution in this condition. In contrast to the visual field loss results, hemifield differences in RNFL thickness were not associated with postural sway on the foam surface. This disparity may be due to the smaller data set used in the RNFL analyses or inaccuracies in regional RNFL measurement, which are known to vary according to the distance measured from the optic nerve rim. 55 Previous studies with visually impaired individuals have indicated that greater loss in the central and lower visual field areas are significantly associated with reduced mobility performance. 8, 56 Moreover, there is some evidence that falls may occur more frequently in those with inferior visual field loss. 9 Coleman et al 9 reported that the odds of falling among older women with severe inferior visual field loss, as compared to no inferior loss, was 91% higher, while the odds of falling among those with severe superior visual field loss, as compared to no superior visual field loss, was 74% higher. While it is likely that the inferior visual area is critical to mobility performance, particularly for obstacle detection and avoidance, the findings from the current study are the first to suggest that the inferior visual field may provide a stronger contribution to postural stability than the superior visual field.
It has been hypothesized that the inferior visual field provides a greater contribution to the dorsal visual pathway, a pathway that travels from the primary visual cortex to the posterior parietal lobe and mediates visually guided movements. 57, 58 A number of behavioral studies have shown that the inferior visual field is more effective in visually guided reaching and aiming movements compared to the superior visual field. 57, 58 The cortical control of postural stability may incorporate this visuo-motor pathway, given our findings that a greater degree of inferior visual field loss reduces postural stability.
In this study, the contribution of vision to postural control was shown to decline steadily with increased binocular visual loss, independent of age and gender, in agreement with previous studies. Interestingly in the current study thinning of the RNFL was the strongest predictor of the visual contribution to postural stability, explaining nearly 23% of its variance, twice that of the binocular visual field measures. This disparity was not evident in the postural sway models. This stronger association may be due to the fact that damage to the RNFL may precede visual field loss, 39 or that RNFL thickness may reflect declines in other visual functions that influence postural control, such as motion detection. 59 This may be an important direction for future research, given that previous studies indicate that motion sensitivity is significantly reduced in glaucoma patients. 60, 61 This study may have been improved by using force platform analysis, which can provide extensive data pertaining to velocity, area and displacement of the centre of pressure occurring at ground level. However, no one sway measure is able to completely reflect the complex nature of postural stability, due to the many inherent factors that can contribute to the variability of these measures. 62 While the sway measure used in the current study is less detailed than force platform data, it does provide a basic representation of body trunk displacement, shown to be a valid measure of underlying balance impairment. 63 While there was no exclusion of subjects based on any lower limb pathology, the inclusion of alternative measures of physical function (PASE and 6MWT), which is influenced by lower leg strength and co-morbidities, 42, 43, 45 overcomes this limitation.
The strengths of this study include the use of various binocular visual loss measures which reflect the level of visual disability encountered under normal binocular viewing conditions and the use of analytical techniques which adjusted for potential confounding variables.
Importantly, this study assessed an older cohort with glaucoma, aged over 65 years who have been identified as being more likely to experience falls or fall-related injuries. 1, 14 In summary, the findings of this study indicate that greater binocular visual field loss or thinner RNFL thickness in older adults with glaucoma is significantly associated with increased postural sway. Furthermore, postural sway was greater in those with a greater degree of inferior hemifield visual field loss, particularly on the foam surface. Increasing loss of visual field or RNFL thickness was accompanied by a steady decrease of the visual contribution to postural control. These postural changes may be an underlying factor in the increased risk of falls and fall-related injuries among older adults with glaucoma. 1, 13, 14 Ensuring that eye-care practitioners, supporting health-care workers and individuals with glaucoma are aware of these findings may assist in reducing the occurrence of future falls. 
